Abstract-Design details of the Vegetation Canopy Laser (VCL) for the NASA Multi Beam Laser Altimeter (MBLA) earth orbit mission are presented. The laser is a NdYAG Q switched, diode side-pumped, zig-zag slab design producing 10 ns, 15 mJ pulses at 1064 nm. It employs an unstable resonator as well as a graded reflectivity output coupler with a Gaussian reflectivity profile. A cylindrical lens of undoped YAG collimates the 809 nm pump diode radiation and focuses it into a region -1.5 mm wide down the 100 mm long NdYAG slab. In order to conserve power, a conductively cooled design is employed The laser is designed to operate over a range of 25" C without active thermal control. Passive cooling is achieved with a large thermal radiator panel consisting of heat-pipes and a change-of-state element. The laser is equipped with a 15X beam expander to limit the output divergence to less than 60 pad. One discussion will explain the compensation of the thermal lens created in the side-pumped slab and the different treatments of the x and y portions of the z-directed beam in order to obtain an output beam of near circular symmetry. Paraxia modeling was used along with performance data to determine the optimum location the thermal compensating lens, and how the slab's thermal lens changed with temperature. This is due to the change in inversion density resulting fiom the varying overlap of the pump radiation spectral profile with the location of the NdYAG pump bands. Performance data as a function of temperature are given. Total number of shots to date and any change in performance as a function of shot count will be presented.
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I NTRODUCTI ON
The Vegetation Canopy Lidar mission (VCL) is a NASA Earth System Science Pathiindm project tasked to measure the volume and structure of the earth's vegetation over a two year period [l]. This fiee-flying satellite will transmit laser pulses towards the earth's terrain via 3 independent transmitters, each operating at 242 Hz. The reflected pulse waveforms will provide information on the topography and vegetative land-cover for terrestrial ecosystem modeling and climate prediction. Additionally, a reference data set of topographic spot heights and transects for the globe are to be obtained This will be the fist contiguous data set ever obtained for o w planet.
The three VCL lasers are to be mounted around the perimeter of the 0.9 m diameter parabolic receiving mirror of the Multi Beam Laser Altimeter (MBLA) [l] . At the beginning of the mission, each laser is to produce -15 mJ of energy per pulse at a repetition rate of 242 Hz. The Earth Scientists who employ the laser r e m data sets use algorithms on the waveforms to determine characteristics of the land and its vegetation. This technique requires a nearly Gaussian surface footprint with a l/e2 full-wickh of approximately 30 m. When one considers the altitude of the spacecraft, the tinal full-width divergence in the transmitted pulse needs to be about 60 wad. Each laser consists of a single box with and an independently sealed electronics compartment and an optics compartment. The optics compartment contains the diode arrays, laser head, temperature and pressure sensors and a kinematically mounted optical bench. The optical bench contains all the cavity optics as well as the external pointing optics and beam expanding telescope (BET).
This transmitter produces a 1.0 m a d I/ez full-width beam into the BET which has a limiting objective diameter of 5 an. The beam exiting the laser is near TEM, in order to achieve the above requirements. High efficiency is needed in order to fit within the limits of the spacecraft's power budget. The VCL transmitter has achieved -14% optical efficiency. When coupled with the state of the art pump electronics and passive radiative cooling, the true "wall-plug'' efficiency is -6%. This efficiency is 67% greater than that of the only other laser altimeter transmitter to fly in space, the Mars Orbiting Laser Altimeter (MOLA), which just finished mapping Mars [?I. Considering that MOLA was a highly multimode laser, the VCL performance is impressive and demonstrates the state of the art for diode pumped lasers of equivalent beam qnality. and is equal to 1.266 for the VCL design resonator. A complete theoretical calculation gives a magnification of 1.389, which shows the effects of diffraction and the limitation of the geometrical approximation in o m case. The mode discrimination between the fundamental mode, yo, and higher order modes, yn , is
and thus, high magnification is desirable. Unfortunately, very high values of magnification give rise to higher losses which can not be overcome in most applications. Substituting 1.39 for the magnification in Eq. 2 indicates we have a factor of -1.9 discrimination between the fundamental and next higher mode. The GRM further aids in discrimination against higher order modes, having less reflectivity on the outer portions of the beam. 
Smaller values of this parameter are desirable. By definition, unstable resonators have values of g,.gz either greater than 1 or less than 0. For positive branch resonators, which applies in our case, the value of g, .g2 is not far from unity. It is another design trade-off to arrive at a resonator that has a relatively low S and a reasonable magnification. We chose a design value of S -7.4 for our resonator. This can be compared to a value of S -3 for a very stable resonator with g, .gz -.5 or to a rather unstable one wbere S 2 50.
LASER HEAD DESIGN
The available VCL orbital vehicle could not provide the necessary power or thermal radiative capacity to hold the lasers at a fixed temperature. That meant the laser diode mays would continually heat up d e operating until reaching a cutoff temperature. Therefore, the VCL mission called for full power operation over land only, to " i z e average orbital power consumption and lengthen mission lifetime by reducing the number of laser shots per orbit. A laser transmitter design with the highest "wall-plug" efficiency would provide the slowest beating rate. A thermal radiator panel serves the main purpose of temperature control through a combination of heat pipes and phase change material. (See Section 4)
Pump Module
The pump module consists of an overall A-shaped structure, a slab clamp, slab heat sink with bonded slab, pump lens and holder, and a series of pump diode arrays. This design is a modification of the one reported on by Hays et al. in 1995 [12] . The module holds the slab from above over the pump lens and diode arrays, which are arranged in a line approximately 8 cm long. The diodes are eight x 3 bar 60W SDI. arrays in G packages mounted to a heat sink directly in contact with the bottom of the laser housing. This "pedestal" protrudes through an opening in the optical bench and precisely positions the slab in alignment with the resonator.
The diode arrays and cylindrical pump lens create a sheet of pump radiation into the AR coated side of the slab. The opposing slab face is coated with complex combination of SiO, and multilayer dielectrics to produce both a TIR (total internal reflection) surface and an HR coating for doublepassing the 809 nm pump light. This side is then bonded with thermally conductive tape to the slab heat sink. The heat is carried away from the slab heat sink throngh this surface to the pedestal via a structure that supports these components and thenno-mechanically mounts to the pedestal. This basic design has been employed successfdy in multimode designs in the past and symmetric cooling is achieved in the slab. However, we found it necessary to make several changes in order to optimize its performance and qualify it for the rigors of space flight, as are discussed below.
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Slab Design
Our previous work on a similar laboratov laser design showed promise in rethinking the design of the "standars' side pumped, zig-zag Nd:YAG slab [13]. It was learned that significant pump energy was left unused in the slab at the "optimum" slab tip angle proposed by Frantz et a1. [14] . They show that a 3 1 deg tip angle can provide the maximum fill factor possible in multimode resonators and amplifiers.
However, when high maximum energy extraction in a mode is required, as in the VCL transmitter, we found that the tip angle must be reduced. The slab thickness cannot simply be reduced to match our approximately 1.8 mm diameter beam because we would lose absorbed pump energy. This is because the double pass pump length would only be 3.6 mm. We achieved the best performance for the VCL laser with a slab tip angle of 26.5 deg and thickness of 2.65 mm.
When the calculations are performed with variable tip angles, the number of TIR bounces and the slab thickness are held constant and the slab length is adjusted to compensate. For OUT estimated beam l/e2 diameter of 1.8 mm, only 21.6% of the pumped volume is un-swept by the cavity. This is a major improvement over previous designs for the Brewster angled slab and 31 degree tip angled slab, where 30% and 36% is w e p t , respectively. One more advantage of this type of optimized tip angle is a natural single-axis aperture in the zig-zag plane; the smaller the tip angle the smaller this aperture and higher the extraction.
One naturally reaches a limit to the tip angle reduction due to the beam thickness overlapping this aperture. We used this inherent aperture to our advantage to control potential off-axis modes.
Pump Lens ami its Location
The diode array output is collected by an undoped YAG, plano-convex, cylinder lens of 1.75 mm radius and 1.5 mm center thickness. This produces the energy distribution shown in Fig. 2 . Figure 2 shows the collimated diode array radiation entering the slab fiom the left. We found that this lens' plana surface position with respect to the diode mays facets was critical for achieving optimal performance in the laser cavity. The pump beam must not be too tightly focused or the region of high inversion density will create too strong a thermal lens.
On the other hand, this region must s o m e h t under-fill the laser beam for good extraction efficiency.
An optimum lendslab design combination was found through several iterations of modeliig and experiment. We eventually produced a very uniform pump beam, about 1.5 mm thick. This is seen in the end view of spontaneous radiation emanating from the slab shown in Fig 3. ....... than to either side (x = *a). The closer the distance between isotherms, the higher the strength of the lens, the shorter the effective focal length. A reduction in the thexmal lens strength was obtained by creating a "stepped heat sink with a 2 mm wide ridge down the length for the slab's bonding surface. This is seen in Fig 5. By inaeasing thermal path's resistance toward the slab edges, their steady state temperatures are elevated. The slab's overall thermal gradients are reduced which produces a weaker positive lens. Thermally conductive, double sided bonding tape, typically used for semiconductor bonding to heat sinks and circuit boards, is used to adhere the HR slab face to the heat sink. This tape has a fine weave of a l u " wire imbedded in a bonding agent. A pair of tape strips is applied down the heat sink length on each side of the step, then a single tape ship is applied over the entire width of the heat sink where the slab is then applied. The step is caremy machined to 0.009'' height (+O.OOO/-0.001), the compressed tape thickness, in order to provide a smooth bonding surface for the slab with "m air pockets. The heat sink is made of a hmgstdcopper material, appropriately called Thermkon by its manufacturer, x&ich closely matches the thermal expansion coefficient of NdYAG, thereby theoretically reducing any mechanical strain of deformation on the slab over temperature.
Thermal Lens Efects on Caviy Operation
The steady state thermal lens, measured with a 1.06 pn test beam, is found to be weaker when the laser is operating, as opposed to measuring the operating head assembly out of the cavity. When lasing, stimulated-emission-cooling of the inversion, also known as radiative cooling, changes the stored heat distribution in the slab and reduces the lens. When this laser is operating at about 16 mJ measured prior to the telescope, a positive, "cylindrical" themal lens of focal length f = +82 cm is created in the slab in the X axis. Additionally, the slab creates a weak negative lens of focal length of -7.8 meters in the Y direction. To counter the weak negative lens, the radius of the HR was changed from the original (empty cavity) design of R = +3 m to R = + 2 m. This compensated the Y axis nearly to the original design parameters, as determined by active beam waist measurements at both the GRM and the HR, and comparison with Paraxia modeling [16] . For the X axis, the combination of the R = 2 m HR, plus a f = -70 cm cylindrical lens, completed the compensation. In both cases, beam waist measurements were compared to Paraxia modeling of the cavity, which included a thick lens to approximate the slab's thermal lens. In this way, the operating thexmal lens focal lengths were accurately deduced.
CONDUCTIVE COOLING
Each laser is cooled via a phase change module integrated with a radiator panel. The basic thermal configuration is an aluminum honeycomb radiator with four embedded heat pipes and a phase change module mounted between the radiator and laser transmitter. Each of the radiators is a 39 x 89 cm rectangle, and together they serve a second purpose as optical baftles for the primary telescope mirror. Survival heaters for each laser are controlled by the electronics using set points uploaded fiom the ground.
To conserve power and laser shots (lifetime), the lasers operate at mini" average power (10 Hz) while over the ocean. 'Ibis is more of a keep-alive operation to keep the lasers warm such that rapid peak power operation can be achieved when land coverage anives. While over land the two coolest lasers are chosen by the control electronics to run at m a x i " power (242 Hz) while the third laser stays in mini" power mode.
The laser pump source is a set of eight 3-bar diode array stacks, assembled side by side on the pedestal such the collective pump source is about 1 x 80 mm. Any single diode bar has typical FWHM emission spectrum of -3 -4 nm. However, a set of 24 bars has a wider spectrum of about 6 nm FWHM. This is partly due to each may being at a somewhat different temperature due to its location along the heat sink. Those bars in the center will be hotter than those at the ends. While this spectnun does not change in width over temperature, the center wavelength will shift at a rate of 0.3 d o c . The absorption spectrum of NdYAG has a sharp peak at 809 nm, approximately 0.5 nm F W f i c h does not move appreciably with temperature. The combination of the -6 nm diode spectrum and the temperature tuning of these diodes allows the laser to operate over a 25 "C temperature range (Fig. 6) . When the diodes are at 12 "C, the peak wavelength is 805 nm, but enough of the diodes' emission overlaps the absorption line so that the laser operates at minimum acceptable energy -10 mJ. A similar situation exists at 32' C (emission peak now at 81 1 nm), but it is the opposite wing of the emission spectrum that overlaps the absorption line. and MI values. Figure 7 presents the change in energy with temperature and Figure 8 shows the divergences exiting the transmitter. The laser is able to produce meanin& energy between 10 -35°C with pulsewidths of -10 ns. The optical efficiency of the complete transmitter at the design output of 15 mJ is 13.9%. This is when driving the pump diodes at 59 W with an 85 p pulse for a 110 mJ input pulse energy.
Mer the GRM output coupler, there aTe still 24 optical surfaces until the pulse leaves the spacecraft. All these external optics subtract another -13 % from the laser oscillator output. The laser itself is outputting about 17.4 mJ and has an optical efficiency of > 15%. 
Beam Shape and Quality
Good beam quality is important for LIDAR laser transmitters designed for precise terrain mapping and for measuring vegetation canopies. While our design is currently not able to produce the same beam quality m both axes (X and Y), we were able to obtain a stable, high quality, far field pattern, with low divergences. output. The profile plots show the small differences in beam shape for the two axes.
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The vertical (Y) axis is associated with the strong thermal lens in the slab 6 c h was compensated in this case with an f = -75 cm cylindrical lens. 
CONCLUSIONS
The combmation of a diode pumped, zig-zag slab laser head and an unstable resonator cavity has proven to be a success.
The output powers and efficiencies have met or exceeded specifications. The unstable resonator's use of a GRM output coupler with an optimally designed slab produces clean, almost &action limited far field beams. This cavity is in fact reasonably stable, and has passed vibration tests. These tests put the laser through a spectrum of vibration fiequencies similar to, but 50% greater in acceleration than, w b t would occur in a launch. To date the pump laser diode arrays are holding up with time, but are still considered to be one of our higher risk components. No discernable output drop has been seen in a 50 hr performance test in which the laser was repeatedly cycled in temperahue.
